Objective: To determine the optimal environmental conditions for chondrogenic differentiation of human adipose tissue-derived mesenchymal stromal/stem cells (AMSCs). In this investigation we specifically investigate the role of oxygen tension and 3-dimensional (3D) culture systems. Design: Both AMSCs and primary human chondrocytes were cultured for 21 days in chondrogenic media under normoxic (21% oxygen) or hypoxic (2% oxygen) conditions using 2 distinct 3D culture methods (high-density pellets and poly-ε-caprolactone [PCL] scaffolds). Histologic analysis of chondro-pellets and the expression of chondrocyte-related genes as measured by reverse transcriptase quantitative polymerase chain reaction were used to evaluate the efficiency of differentiation. Results: AMSCs are capable of expressing established cartilage markers including COL2A1, ACAN, and DCN when grown in chondrogenic differentiation media as determined by gene expression and histologic analysis of cartilage markers. Expression of several cartilage-related genes was enhanced by low oxygen tension, including ACAN and HAPLN1. The pellet culture environment also promoted the expression of hypoxia-inducible cartilage markers compared with cells grown on 3D scaffolds. Conclusions: Cell type-specific effects of low oxygen and 3D environments indicate that mesenchymal cell fate and differentiation potential is remarkably sensitive to oxygen. Genetic programming of AMSCs to a chondrocytic phenotype is effective under hypoxic conditions as evidenced by increased expression of cartilage-related biomarkers and biosynthesis of a glycosaminoglycan-positive matrix. Lower local oxygen levels within cartilage pellets may be a significant driver of chondrogenic differentiation.
Introduction
Articular cartilage is a well-organized tissue that is adapted for gliding during joint movements. Focal cartilage defects in articular cartilage caused by trauma or osteochondritis dissecans are leading causes of osteoarthritis in young patients. 1 When these focal lesions are loaded, increased stress on the surrounding cartilage leads to expansion of the defect size and further cartilage breakdown. These cartilage defects have poor healing capacity that has been attributed to avascularity, reduced cellularity, and low cell turnover. 2 In particular, the poor vascularity may impair normal tissue repair by humoral factors and stem/progenitor cells. 3 Due to its limited healing capacity, the regeneration of articular cartilage is a major clinical challenge for preventing future progression of degenerative joint disease.
Popular treatments that have been used for cartilage repair with variable success include stimulation procedures such as microfracture, subchondral drilling, abrasion, arthroplasty, and osteochondral allograft transplantation. 4 Cell-based therapies such as autologous chondrocyte implantation (ACI) have become increasingly popular for cartilage repair and regeneration. ACI is widely used for functional restoration of focal injuries (2-4 cm 2 ) [5] [6] [7] and has demonstrated promising clinical results in younger patients. [8] [9] [10] This procedure has a number of limitations, 11, 12 including donor site morbidity, limited availability of donor cells, and the production of fibrocartilage rather than physiologic articular cartilage. In addition, a major drawback of ACI is the dedifferentiation of chondrocytes resulting from the expansion of the cells for multiple passages in monolayer, which is performed in order to acquire a workable amount of cells for downstream clinical applications. [13] [14] [15] As dedifferentiation progresses, molecular markers associated with chondrocyte phenotype and cartilage formation, such as aggrecan (ACAN), type II collagen (COL2A1), decorin (DCN), cartilage oligomeric matrix protein (COMP), and SRY (sex determining region Y)-box 9 (SOX9), start to decrease, whereas the expression of fibroblastic and osteogenic markers increase. 16 Moreover, spontaneous articular cartilage healing typically occurs via the development of fibrocartilaginous scar tissue that exhibits inferior biomechanical properties to hyaline articular cartilage and which may interfere with currently available clinical strategies for cartilage repair. [17] [18] [19] [20] Fibrocartilaginous healing also fails to restore the smooth gliding motion of the articular surface and is unable to withstand normal loads and compression forces, thus placing the joint at risk for progressive degeneration. 21 Promoting effective articular cartilage regeneration remains a clinical challenge.
Use of stem cells and in particular mesenchymal stem cells (MSCs) from adult sources has emerged as a viable solution to overcome limitations of current cartilage restoration procedures. Multipotent adult MSCs reside in several tissues including bone marrow, skeletal muscle, neural tissue, adipose tissue, and synovium. MSCs are currently being used in various clinical trials with promising clinical results. 22, 23 However, promoting chondrogenic differentiation of MSCs can be challenging. Currently, most studies for cartilage repair have focused on bone marrow-derived MSCs. As an alternative, human adipose tissue-derived mesenchymal stem cells (AMSCs) are an attractive cellular therapeutic due to minimally invasive tissue harvest, high abundance of cells, and rapid expansion ex vivo. 24 Moreover, these cells are multipotent and can produce musculoskeletal extracellular matrix proteins once confluent and are able to differentiate into osteogenic and chondrogenic lineages. 24, 25 While there are many studies on chondrogenic differentiation of bone marrow-derived MSCs, our studies address a major gap in our knowledge by investigating the chondrogenic potential of AMSCs under multiple culture conditions relevant to cartilage tissue engineering, including hypoxia and propagation on a 3-dimensional (3D) culture environment.
Materials and Methods

Cell Harvest and Expansion
AMSCs were derived from lipoaspirates obtained from consenting healthy donors. This study used the same 3 representative donors that were previously validated for standard stem cell markers, normal cell growth characteristics, and tri-lineage differentiation potential. 24, 25 Human primary chondrocytes were obtained from healthy donors undergoing amputation procedures for congenital limb deformity. All tissues/cell lines were collected under protocols approved by the Mayo Clinic Institutional Review Board. Maintenance media for AMSCs was composed of Advanced MEM (Gibco/Thermo Fisher Scientific, Waltham, MA) supplemented with 5% human platelet lysate (PL-Max, MillCreek Life Sciences, Rochester, MN), 1% penicillin/ streptomycin, 1% Glutamax (Gibco/Thermo Fisher Scientific), and 0.2% heparin (Baxter, Deerfield, IL). Human primary chondrocytes were cultured in maintenance medium that contained Advanced MEM (Gibco/Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Atlanta, GA) and 1% penicillin/ streptomycin (Gibco/Thermo Fisher Scientific). Cells were cultured using standard technique in T-175 cm 2 flasks at 37°C, 95% humidity, and 5% CO 2 until they reached 80% confluence. Prior to each experiment, cells were detached from T175 flasks by trypsinization using TrypLE Express (Gibco/Thermo Fisher Scientific).
2D Monolayer Cell Culture
For monolayer culture, AMSCs were plated in 6-well plates at a density of 3,000 cells/cm 2 and maintained for 21 days in chondrogenic media, which consisted of culture media supplemented with 40 mg/mL of L-proline (Sigma-Aldrich, Saint-Louis, MO), 50 mg/mL Insulin Transferrin Seleniumpremix (Gibco/Thermo Fisher Scientific), 50 mg/mL of ascorbic acid (Sigma-Aldrich), 10 ng/mL of TGF-β1 and 0.1 µM dexamethasone (Sigma-Aldrich). Cell culture medium was replaced every 3 days. Chondrocytes were cultured in monolayer only for proliferative expansion.
3D Cell Culture in High-Density Pellets or on Polycaprolactone (PCL) Scaffolds
Induction of chondrocyte differentiation in high-density cellular aggregates was performed using pellet cultures in accordance with a protocol published previously. 26 To induce chondrogenic differentiation, 250,000 cells (AMSCs or human chondrocytes) were seeded in 96 round-bottom well plates. Pellets were formed by centrifugation and maintained for 24 hours at 37°C, 95% humidity, and 5% CO 2 until cells coalesced. Following pellet formation, maintenance media was exchanged with chondrogenic differentiation media, which consisted of culture media supplemented with 40 mg/mL of L-proline, 50 mg/mL Insulin Transferrin Selenium-premix, 50 mg/mL of ascorbic acid, 10 ng/mL of TGF-β1, and 0.1 µM dexamethasone and was replaced every 3 days. PCL scaffolds were fabricated using an electrospinning technique described previously. 27 Scaffolds were composed of 9.5 wt% homogeneous solution of poly-ε-caprolactone. This solution was prepared by dissolving 1.05 g of 80,000 Mn poly-ε-caprolactone (Sigma-Aldrich) in 0.8 g N,Ndimethylformamide (Thermo Fisher Scientific), 6.0 g chloroform (Thermo Fisher Scientific), and 3.2 g acetone (Thermo Fisher Scientific). The solution was stirred for 4 hours. The polymer solution was subsequently placed in a 20 mL glass syringe with a 20-G needle. The solution was dispensed at a rate of 3.3 mL/h while applying a 30 kV electrical field. All procedures were performed in a chemical hood. A glass plate mounted on an aluminum block placed 15 cm away from the needle collected the fibers. This procedure was followed until the sheets reached a thickness of 1 mm. Discs of 10 mm in diameter were cut from the sheets using a dermal punch. The final dimensions of the scaffolds were approximately 10 mm diameter and 1 mm thickness. Both sides of the scaffold were sterilized by ultraviolet irradiation in a laminar flow hood for 30 minutes. To provide a hydrophilic surface for efficient cell attachment, scaffolds were prewetted by immersion in different ethanol concentrations for 30 minutes each (95%, 50%, and 25% ethanol), 30 minutes in distilled water, and finally overnight in HBSS buffer in the 37°C incubator. Induction of differentiation on PCL scaffolds was achieved as follows. AMSCs and human primary chondrocytes grown in T175 cell culture flasks were trypsinized, counted, and plated at a density of 400,000 cells/scaffold. Scaffolds were placed in 24-well culture plates precoated with 0.3% poly-(hydroxyethyl-methacrylate) to prevent cell attachment to the tissue-culture plate surface. Scaffolds were incubated at 37°C for 4 hours to allow correct diffusion of the cells trough the nanofibers. During the first 4 hours, 30 µL of complete media was added every 30 minutes to each scaffold to prevent desiccation of the scaffold fibers. After 4 hours of incubation 2 mL of chondrogenic differentiation media was added, which consisted of culture media supplemented with 40 mg/mL of L-proline, 50 mg/mL Insulin Transferrin Selenium-premix, 50 mg/mL of ascorbic acid, 10 ng/mL of TGF-β1, and 0.1 µM dexamethasone. Cell viability was monitored using a Live/Dead staining kit (Life Technologies, Carlsbad, CA) at Days 1, 3, and 7 in culture to visualize the live cells attached to the nanofibrous PCL scaffold. Fluorescence observations were performed using a semiautomated ZEISS Axio inverted light microscope with appropriate filters (Zeiss, Oberkochen, Germany). Cell culture medium was replaced every 3 days.
Cell Culture under Normoxia and Hypoxia Conditions
To evaluate the response to oxygen tension, both AMSCs and human primary chondrocytes were allowed to differentiate for up to 21 days in chondrogenic differentiation media under either normoxic (21% oxygen) or hypoxic (2% oxygen) conditions using an integrated system with a cell culture hood and incubator accessible through a gas-lock (I-Glove, BioSpherix, New York, NY).
Gene Expression Analysis
Total RNA was isolated using the miRNeasy Micro Kit (Qiagen, Hilden, Germany) following the instructions of the manufacturer. For pellet cultures, at least 5 pellets were pooled from each condition to obtain sufficient RNA. Pooled pellets from each time point were lysed using an 18-gauge needle and Qiazol lysis buffer (Qiagen, Hilden, Germany) to yield an RNA sample for one biological replicate. Cells from scaffold cultures were lysed using the same syringe-needle homogenization method, and one scaffold yields sufficient RNA for one biological replicate. Each time course was repeated 3 times to yield 3 biological replicates per time point.
For baseline gene expression values, lysates were obtained from expanded cells in monolayer immediately prior to plating cells on scaffolds or in pellet culture on day 0 (D0: plating day). Subsequent samples were harvested at D1, D7, and D14 after culture under various conditions (e.g., pellets or scaffolds). Three different biological replicates for each experimental condition (e.g., 3 samples for normoxia on D0, 3 samples for hypoxia on D0, etc.) were used concurrently for RNA isolation and subsequent expression analysis to ensure consistency in RNA quality and expression values.
RNA concentrations and purity levels were measured using a NanoDrop (Thermo Fisher Scientific) and isolated RNA was reverse transcribed into cDNA using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). Gene expression was quantified using quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR) with primers for representative chondrogenic genes (Supplementary Table S1 ). Real-time qPCR reactions were performed with 10 ng cDNA per 10 µL with QuantiTect SYB R Green PCR Kit (Qiagen) and the CFX384 Real-Time System (BioRad, Hercules, CA). Gene expression levels were quantified using the 2 −ΔΔCt method described previously. 28 As illustrated in Supplementary Figure S1 , several housekeeping genes were tested for low variation across our samples among the different conditions, cell types (AMSCs and chondrocytes), and over time. Housekeeping genes GAPDH, ACTB, and AKT1 were evaluated according to the stability of the Ct values and the variation from the mean Ct. Because the housekeeping gene AKT1 was found to be more stably expressed than GAPDH and ACTB, we normalized all data relative to AKT1 (mean ± standard error of the mean, n = 3).
Histological Analysis
Cell pellets and scaffolds were fixed overnight in 10% neutral buffered formalin. Samples were then washed and dehydrated in graded series of ethanol (70% to 100%) and processed with xylene (50% to 100%) prior to paraffin embedding. Paraffin blocks were cut into consecutive sections of 5 µm thickness using a microtome and placed onto charged microscope glass slides for histological staining. Following deparaffinization, sections were stained for glycosaminoglycan content using 0.5% (wt/vol) Alcian Blue 8GX dye (Sigma-Aldrich) and counterstained with Nuclear Fast Red (Sigma-Aldrich).
The presence of type II collagen was localized by immunohistochemistry (IHC). In brief, after removal of paraffin and rehydration, sections were washed with distilled water. Pepsin antigen retrieval was performed using 10 mg/mL pepsin for 10 minutes at 37°C in a humidified chamber. The Mouse and Rabbit Specific HRP (ABC) Detection IHC Kit (Abcam, Cambridge, UK) was used according to the manufacturer's instructions. Briefly, protein block was applied after which slides were incubated overnight with 1 µg/mL of anti-Collagen Type II Antibody (Millipore, Darmstadt, Germany) or mouse IgG1 Isotype Control (Biosciences, Osage, IA) at 4°C in a humidified chamber. Slides were sequentially incubated with biotinylated polyvalent secondary antibody and streptavidin peroxidase plus (supplied in the kit) and were then treated with 3,3′-diaminobenzidine (DAB) enhanced liquid substrate system for IHC (SigmaAldrich) diluted 1:1 with TBS (Tris-buffered saline) for 10 minutes until color development. Stained sections were analyzed using a ZEISS Axio inverted light microscope as described above.
Statistical Analysis
Quantitative data for gene expression profiles have been presented as mean ± standard deviation from 3 independent donors for AMSCs and one donor for human primary chondrocytes for each experimental condition and time point. The experimental factors analyzed for their association with gene expression values included oxygen level (2 levels: normoxia, hypoxia), culture condition (3 levels: 2D monolayer, 3D high-density pellet, 3D PCL scaffold), time (5 levels: baseline and days 1, 3, 7, and 14), and cell type (2 levels: AMSCs, chondrocytes). Each combination of the experimental conditions was performed in triplicate. Separate analyses were performed for each of the 12 targeted genes. The analyses were performed using generalized linear models utilizing generalized estimating equations (GEE) to account for the within-donor correlation among the subsamples from each donor. Significant main effects with more than 2 levels were analyzed further by generating pairwise contrasts to identify levels that are significantly different from each other. In order to protect against an increased type I error rate associated with multiple comparisons, the reported P values were adjusted using the Benjamini-Hochberg method to control the false discovery rate. All analyses were conducted in SAS version 9.4 (SAS Institute Inc., Cary, NC). A summary of the statistical analysis can be found in Supplementary Tables S2 and S3 .
Results
Chondrogenic Differentiation of AMSCs
To evaluate the ability of AMSCs to undergo chondrogenic differentiation, we compared the expression of chondrogenic markers in AMSCs to those of human chondrocytes using traditional high-density pellet cultures under normoxic conditions (Fig. 1) . On differentiation induction, AMSCs express significantly higher levels of classic cartilage markers including COL2A1 (2.3-fold increase at day 14) , DCN (12-fold increase at day 14) , and COMP (276-fold change at day 14) (Fig. 1A) . AMSCs also showed expression of ACAN, HAPLN1, and SOX9. However, these genes are expressed at significantly lower levels compared to chondrocytes on days 1 and 7 (Fig. 1B) . AMSCs also have significantly higher expression of hypertrophic markers, including IHH (4-fold increase at day 7), GLI1 (3.7-fold increase at day 14) , and COL10A1 (6.6-fold increase at day 14). These results show that AMSCs have chondrogenic potential and that their molecular response to induction of differentiation is distinct from that observed for chondrocytes. This observation is expected because AMSCs have tri-lineage potential while primary human chondrocytes are precommitted to a cartilage cell fate. The enhanced expression of hypertrophic cartilage markers in AMSCs suggests that AMSCs may have undergone accelerated end-stage differentiation into cells characteristic of calcifying cartilage.
Chondrogenic Differentiation of AMSCs Is Enhanced in Pellet Cultures Compared to Monolayer Culture
Because clinical delivery of chondro-pellets is not always desirable or feasible, we sought to investigate if AMSCs retain their chondrogenic potential in monolayer culture, a scenario that could potentially arise if AMSCs are directly Figure 1 . Gene expression profiles of AMSCs (human adipose tissue-derived mesenchymal stem cells) and human primary chondrocytes in high-density pellet cultures during chondrogenic differentiation. Expression of chondrocyte-specific markers was analyzed at days 0, 1, 7, and 14. All values graphed for pellet cultures were derived from at least 5 pellets per time point, and each differentiation time course was repeated 3 times to obtain 3 independent biological replicates. D0 data represent baseline gene expression values obtained for cells expanded cells in monolayer (2D) immediately prior to plating as a pellet (3D) culture. (A) AMSCs showed increased expression of COL2A1 and upregulated mRNA levels of ECM proteins DCN and COMP when compared to human primary chondrocytes. (B) Earlier and robust expression of ECM proteins ACAN and HAPLN1, and transcription factor SOX9, was observed in human primary chondrocytes over the chondrogenic time course. (C) Hypertrophic phenotype is induced in AMSCS over time, which is evidenced by the upregulation of IHH, GLI1, COL10A1 over time in AMSCs. Data have been presented as mean ± standard. Statistical difference was set to a P < 0.05 and has been indicated with an asterisk. *P < 0.05 compared to chondrocytes. seeded into a cartilage defect. To evaluate this we compared gene expression during chondrogenic differentiation of AMSCs grown as monolayers and as pellet cultures under normoxic conditions. High-density pellet cultures expressed considerably higher levels of chondrogenic markers including extracellular matrix (ECM) proteins ACAN (8.8-fold increase at day 7), HAPLN1 (2.0-fold increase at day 7), COL2A1 (62.0-fold increase at day 7), and the chondrogenic transcription factor SOX9 (4.2-fold increase at day 7). Statistical differences were observed in ACAN and SOX9 at days 7 and 14 ( Fig. 2A, B, C, and D) . Significant upregulation of the proliferation marker HIST2H4 was also observed in pellet cultures at days 1, 7, and 14 ( Fig. 2E) . Because articular cartilage is normally an avascular tissue with low oxygen tension, we also examined whether the differences between monolayer and pellet culture were due to differences in the oxygen availability within both culture systems. The expression of hypoxia inducible factor 1 (HIF1A) was used as a surrogate indicator of oxygen levels. This gene had significantly greater expression in AMSCs cultured in pellets compared to monolayer at days 1, 7, and 14 ( Fig. 2F) . These findings indicate that the low oxygen microenvironment within a cell pellet may act to modulate chondrogenic differentiation of AMSCs. 
Culture on PCL Scaffolds Supports Cartilage-Specific Extracellular Matrix Formation of AMSCs
To aid in the clinical translation of AMSCs for the treatment of cartilage defects, we investigated whether 3D nanofibrous PCL scaffolds could support chondrogenic differentiation of AMSCs. After fabrication, scaffolds were visualized by light microscopy and were observed to be homogenous in size and shape (Fig. 3A) . AMSCs were seeded onto the scaffold and live/dead staining revealed that the cells attached and proliferated within the scaffold after 1, 3, 7, and 14 days. At all time points, the majority of cells retained their viability as evidenced by live/dead assays (green staining). Moreover, fluorescence microscopy at day 14 revealed cells were tightly packed indicating cells reached a confluence state (Fig. 3B) .
Gene expression analyses revealed differences between the pellet culture and scaffold system for AMSCs. Pellet culture favored the expression of several chondrogenic ECM markers including HAPLN1 (2.4-fold increase at day 14), COMP (276-fold increase at day 14), ACAN (13-fold increase at day 7), COL2A1 (23.2-fold increase at day 14) , and the transcription factor SOX9 (4.3-fold increase at day 14), compared to scaffolds. Statistical differences were observed in HAPLN1 at days 1, 7, and 14, ACAN days 1 and 7, and SOX9 days 1, 7, and 14 ( Fig. 3C, D, E, F, and  G) . Moreover, as we observed in monolayer culture, there was enhanced expression of HIST2H4 (significant fold increase at days 7 and 14) and HIF1A in pellet cultures compared with 3D scaffolds (Fig. 3H and I) . The upregulation of HIF1A suggests a hypoxic microenvironment within the pellet even when cultured under normoxic conditions. Hypertrophic genes IHH and COL10A1 (significant fold increase at days 1, 7, and 14) were also increased in pellets after 1 week in culture ( Fig. 3J and K) . DCN protein showed a significant difference between both pellet and scaffold at days 1, 7, and 14 ( Fig. 3L) . In contrast, the osteogenic/fibroblastic marker COL1A1 and hypertrophic marker GLI1 were increased in scaffolds over pellets by 34-fold and 1.1-fold, respectively, after 1 week (Fig. 3M  and N) . Histological analysis of AMSCs cultured in pellets and scaffolds at day 21 of chondrogenic differentiation indicated that both pellet and scaffold cultures permit development of an Alcian Blue-positive matrix (Fig. 3O, a  and d) . However, the matrix was denser at the center of pellets (Fig. 3O, b and c) , in the region expected to have the lowest oxygen tension. In scaffolds, cells and corresponding matrix were located primarily along the periphery (Fig. 3O, e and f) . To validate the expression of COL2A1, type II collagen was localized by IHC in pellets at day 21 of culture ( Fig. 3P) . In summary, AMSCs grown on 3D scaffolds are capable of producing a cartilaginous matrix with potential clinical utility. However, chondrogenic differentiation of AMSCs in pellet culture is superior to that observed on a basic 3D scaffold, possibly due to lower oxygen concentrations within the pellets.
To verify the efficiency of AMSC chondrogenic differentiation on 3D scaffolds, we also compared them with primary human chondrocytes grown under the same conditions. Gene expression analysis revealed similarities between AMSCs and chondrocytes under both 3D culture conditions. Pellet culture again seemed to show preferential expression of the chondrogenic transcription factor SOX9 (significant increase at days 1, 7, and 14), hypertrophic marker COL10A1 (significant increase at days 1, 7, and 14), hypoxia inducible factor HIF1A and HIST2H4 (significant increase at days 1, 7, and 14) in both AMSCs and chondrocytes (Fig. 4A, B, C, and D) . The mRNA levels of the ECM protein DCN were significantly increased in pellets when compared to scaffolds at days 1 and 14 in both AMSCs and chondrocytes (Fig. 4E) . Expression of the chondrogenic marker COL2A1was significantly increased in scaffolds at days 1 and 7, whereas at day 14 was significantly higher in pellets (Fig. 4F) . Chondrogenic markers ACAN and hypertrophic markers IHH and GLI1 mRNA levels were similar for chondrocytes grown in both culture systems (Fig. 4G,  H, and J) . The nonchondrogenic marker COL1A1 gene was significantly higher in pellets at day 1 but similar between pellets and scaffolds at days 7 and 14 ( Fig. 4I) .
In contrast, mRNA levels of ECM proteins COMP and HAPLN1 (significant increase at days 7 and 14) were enhanced in scaffolds compared to pellet cultures (Fig. 4J,  K, and L) . Histological analysis showed intense Alcian Blue staining in chondrocytes when cultured in both 3D conditions at day 21 (Fig. 4M) . Within the primary chondrocyte pellets, a dense chondrogenic matrix was observed throughout the pellet (Fig. 4M, b and c) . In scaffolds, poor migration of the cells within the scaffold was also observed with AMSCs ( Fig. 4M e and f) . Chondrocytes did not show any specific orientation or arrangement within the pellet or scaffold. Expression of type II collagen was detected by IHC in pellets at day 21 of culture ( Fig. 4N) , indicating a chondrogenic matrix. Together, these results suggest that both high-density pellets and PCL scaffold cultures are conducive to the production of a glycosaminoglycan positive matrix, and the cartilage-like gene expression profile indicates that the chondrocytic phenotype is preserved.
Hypoxia Promotes Cartilage-Specific Gene Expression in AMSCs in Both Pellets and PCL Scaffolds
Hypoxia has been previously shown to enhance chondrogenic differentiation of MSCs. To determine if low oxygen tension also enhances chondrogenic differentiation of AMSCs, we compared pellet cultures of both AMSCs and chondrocytes in normoxia (21% O of a number of cartilage-related genes were independent of oxygen levels, several cell type-specific responses to hypoxia were observed. In AMSCs, hypoxia stimulated the expression of several chondrogenic genes, including the transcription factor SOX9 (1.6-fold, day 3), HAPLN1 (2.1-fold, day 3) (Fig. 5G and H) and COMP (1.8-fold, day 1) (data not shown). Both SOX9 and HAPLN1 markers significantly increased in hypoxia at days 3, 7, and 14. Hypoxia also stimulated the preferential expression of the proliferation marker HIST2H4 (significant increase at days 7 and 14) as well as HIF1A, which is the master regulator of the cellular response to hypoxia [29] [30] [31] ( Fig. 5C and D) . Low oxygen conditions also significantly increased levels of hypertrophic mRNA markers COL10A1 at days 3 and 14 ( Fig. 5E) , as well as GLI1 and IHH (data not shown). A reduced oxygen environment also accelerated downregulation of COL1A1, thus decreasing the osteogenic and/or fibroblastic potential of the cells (Fig. 5F) . In AMSCs, normoxia stimulated the expression of ECM proteins ACAN (significantly increase at days 7 and 14), COL2A1 (Fig. 5A and B) , and DCN (data not shown) after 1 week of culture.
We also evaluated whether oxygen tension modulated chondrogenic differentiation of AMSCs and chondrocytes cultured on scaffolds. Gene expression analysis revealed similarities between AMSCs and chondrocytes in both low and high oxygen cultures, although cell type-specific differences were observed. In AMSCs differentiated on scaffolds, hypoxia significantly increased the expression of chondrogenic markers ACAN (5-fold increase at day 3) (Fig. 6A) , SOX9 (5.6-fold increase at day 3) (Fig. 6G) , and HAPLN1 (4-fold increase at day 3) (Fig. 6H) , whereas normoxia upregulated osteogenic/fibroblastic marker COL1A1 (Fig. 6B) and hypertrophic markers COL10A1 (3-fold increase at day 3) (Fig. 6E) , GLI1 and IHH (data not shown). Moreover, normoxia also significantly increased mRNA levels of COL2A1 at day 7 (Fig. 6F) . In chondrocytes, hypoxia upregulated the expression of transcription factor SOX9 (Fig. 6G) , HIST2H4 (significant increase at ) for 14 days. Gene expression analysis of chondrocyte-specific markers, hypoxiarelated factor protein HIF1A, and hypertrophic markers was performed at days 0, 1, 3, 7, and 14. D0 data represent baseline gene expression values obtained for cells expanded cells in monolayer (2D) immediately prior to culturing cells as pellets. (A and B) Normoxia stimulated the expression of ACAN and COL2A1 in AMSCs. Hypoxia increased COL2A1 expression in chondrocytes. (C) Expression level of proliferation marker HIST2H4 was significantly enhanced during the chondrogenic time course in low oxygen conditions. (D) Hypoxia inducible factor HIF1A was also upregulated in response to low oxygen conditions. (E) Other genes enhanced by hypoxia included COL10A1 whose activity is restrictive to later stages of chondrocyte maturation. (F) COL1A1 was downregulated earlier in low oxygen conditions, suggesting a reduced osteogenic potential of both AMSCs and chondrocytes. (G and H) Hypoxia stimulates upregulation of gene transcripts toward cartilage like phenotype. HAPLN1 and SOX9 were upregulated in AMSCs when cultured under low oxygen, whereas in chondrocytes both HAPLN1 and SOX9 mRNA levels decreased in hypoxia. Data have been presented as mean ± standard deviation. Statistical difference was set to a P < 0.05 and has been indicated with an asterisk. *P < 0.05 compared to normoxia. days 1, 3, and 7), and HIF1A ( Fig. 6C and D) , while normoxia increased COL1A1 (Fig. 6B) . Interestingly, low oxygen tension enhanced expression of chondrogenic genes in chondrocytes that were repressed in AMSCs, including COL2A1 (Fig. 6F) , DCN and GLI1 and IHH (data not shown). Conversely, chondrocytes on scaffolds cultured under normoxic conditions upregulated several chondrogenic genes including ACAN (Fig. 6A) and HAPLN1 (Fig.  6H) . The hypertrophic marker COL10A1 was the only gene that was not expressed by chondrocytes grown on scaffolds (Fig. 6E) . These data show that many of the chondrogenic genes that are upregulated in AMSCs and chondrocytes in pellet culture are also many of the same genes that show upregulation under hypoxic conditions, including SOX9, HAPLN1, and COMP, thus indicating that the hypoxic microenvironment within cell pellets is partially responsible for promoting chondrogenic differentiation of AMSCs.
Discussion
Tissue engineering offers possibilities for optimization of cartilage repair by combining different cell types, biomaterials, and growth factors for the support of cartilage regeneration. 2 Although several procedures have been developed and studied, no standardized clinical protocol has yet been established. 32 Currently, studies on tissue engineering approaches using stem cells and particularly bone marrow-derived MSCs have emerged as promising solutions for cartilage repair/regeneration strategies. However, current protocols for chondrogenic differentiation efficiently create hypertrophic cartilage, which on implantation undergoes endochondral ossification and mineralization. 33 Several studies have attempted to understand the mechanisms by which MSCs can be programmed for chondrogenic differentiation while avoiding further progression into hypertrophic cartilage. 34, 35 Mimicking the natural hypoxic environment of cartilage development under in vitro conditions is beneficial because it mediates metabolic programming of the chondrogenic fate of MSCs into different subtypes of hyaline cartilage. The results presented in this study validate the biological properties of self-renewing capacity and chondrogenic potential of AMSCs for cartilage regeneration applications. Moreover, in our studies we investigated the chondrogenic potential of AMSCs under different microenvironments (3D cultures and variations in oxygen conditions.
The comparison between normoxia and hypoxia of AMSCs and chondrocytes cultured in pellets revealed an enhanced expression of chondrogenic markers that were expressed in both oxygen conditions. Previous studies have described neo-hyaline cartilage tissue formation as gene expression of COL2A1 and higher glycosaminoglycan content. 18, 36 Furthermore, extracellular matrix proteins (e.g., ACAN, DCN, COMP, and HAPLN1) are highly expressed in human cartilage and human articular chondrocytes. 24, 26, 37 In our studies, both cell types respond to hypoxia by enhancing the expression of several chondrogenic markers including SOX9, HAPLN1, and COMP, but also HIST2H4 and HIF1A. These findings indicate that a low oxygen microenvironment may act to modulate cell proliferation and chondrogenic differentiation of both AMSCs and chondrocytes. The avascularity of the cartilage tissue provides a low oxygen environment for the chondrocytes, whereas oxygen measurements of tissues known to harbor stem cells revealed lower oxygen tension to maintain the stemness of the niche. [38] [39] [40] In our experiments, we observed an increased expression of HIF1A mRNA levels even in normoxic conditions at early time points in AMSCs. The main regulation of HIF1A occurs at the level of protein stability, and its protein levels are strongly stimulated by low oxygen conditions. 30 We believe that robust expression of HIF1A mRNA in normoxia in AMSCs thus supports a high sentry level of labile proteins that can rapidly accumulate upon oxygen deprivation. As a consequence of continuous hypoxia under chondrogenic induction, stem cells start to produce hyaline cartilage that is resistant to hypertrophic differentiation, whereas incubation under normoxia conditions results in hypertrophic cartilage that resembles epiphyseal cartilage. 26, 41 Our data indicate that under chondrogenic induction AMSCs develop a chondrocyte-like phenotype, but may have a propensity to exhibit a hypertrophic response unless exposed to a hypoxic environment. Furthermore, our study suggests that molecular pathways utilized by AMSCs undergoing chondrogenic differentiation are different from those used by primary human chondrocytes. We note that the use of human primary chondrocytes from a single donor and a single anatomical location for examination of gene expression is a limitation of the present work that must be addressed in future studies in which chondrogenically differentiated AMSCs are compared with articular cartilage chondrocytes from multiple donors to define the ideal conditions for cartilage engineering strategies.
Oxygen responsiveness and chondrogenic potential also appear to be affected by the choice of cell culture model. In the current investigation, we found that changing the cell environment from a 2D culture to a 3D culture model (i.e., high-density pellets or PCL scaffold) improved the chondrogenic potential of AMSCs and primary chondrocytes by increasing cell-cell interactions and generating a low oxygen environment within cellular aggregates. We observed that conventional monolayer culture did not support the chondrogenic differentiation of AMSCs, whereas both high-density pellets and scaffold cultures are conducive to the production of a glycosaminoglycan positive matrix, while a cartilage-like gene expression profile indicates that AMSCs acquire a chondrocytic phenotype. Moreover, pellet cultures promote proliferation and a hypoxic microenvironment, whereas PCL scaffolds increase hypertrophic marker expression and the maintenance of a fibroblastic phenotype of the AMSCs. Our results using nanofibrous PCL scaffolds corroborate previous studies and supports the chondrogenic differentiation potential of MSCs when cultured under appropriate inductive conditions. 42 The potential use of scaffolds for implantation relies on their flexible designs, excellent biomechanical properties, and slow degradation rate. There is evidence that MSCs favor nanotopographical geometry and porous materials over plastic for growth and differentiation. 2 Scaffolds have been largely used to provide cells with structural support for attachment, proliferation, and differentiation in a 3D environment. Moreover, scaffolds facilitate optimal filling of the entire defect and provide mechanical support for the healing tissue, potentially reducing the rehabilitation time for the patient. [43] [44] [45] [46] A combination of a biodegradable scaffold with stem cells would better resemble the native tissue composition and mechanical properties, and could potentially regenerate hyaline cartilage tissue with the distinct molecular and biological properties of natural human cartilage. [47] [48] For articular cartilage surface regeneration, several scaffolds have been used including nanomaterials, functional mechanocompatible scaffolds, multilayered scaffolds, and ECM scaffolds.
14 Some of these scaffolds can cover the entire chondral defect but their use is typically accompanied by production of a type I collagen rich ECM, thus producing a biomechanical inferior and nondurable matrix that does not resemble native cartilage. In our studies, low oxygen cultures repressed the expression of fibroblastic/osteogenic marker COL1A1 in both AMSCs and chondrocytes on both 3D cultures. Taken together, the results presented here support the important role of oxygen regulation in chondrogenic differentiation of AMSCs for clinical applications.
The cell type-specific role of low oxygen in differentiation of AMSCs indicates that mesenchymal cell fate and differentiation potential is remarkably sensitive to oxygen. The oxygen status is a dominant environmental parameter for directing chondrogenic differentiation of AMSCs and reduces their tendency to generate a fibroblastic ECM, while helping chondrocytes to maintain their phenotype by enhancing type II collagen expression and inhibiting additional matrix production. Hence, hypoxia is more effective in promoting a chondrocytic phenotype at earlier stages of differentiation. Our findings indicate that genetic programming of AMSCs to a chondrocytic phenotype is effective in cellular aggregates (pellet culture) under hypoxic conditions as reflected by increased expression of cartilage-related biomarkers and biosynthesis of a glycosaminoglycan-positive matrix. Although expression of cartilage-related genes is more robust in pellets than scaffolds, hypoxia enhances the low levels observed in scaffold cultures. Our results provide a new starting point for optimization of platelet lysate expanded AMSCs in cartilage engineering strategies that leverage the chondrogenic effects of hypoxia in the 3D environment of an implantable scaffold for treatment of focal cartilage defects.
